Providing safe potable water onboard vessels presents particular challenges and contamination can occur directly from source waters as well as during loading, storage and distribution. Between May and October 2005, 950 potable water samples were collected from 342 ships docking at ports.
INTRODUCTION
The nature of water supplies on board ships presents particular challenges to the provision of safe, potable water.
Supplies intended for drinking, food preparation, washing and bathing can potentially become contaminated at a variety of stages, directly from source waters as well as during loading, storage and distribution. Distribution networks require specialised design to prevent contamination from proximate non-potable supplies or sea water. Safe water and sanitation are essential to the health of passengers and crew, a rapidly growing population as cruise holidays have increased in popularity.
Outbreaks of human illness associated with ships' water supplies are well described (Davies et al. 1972; Merson et al. 1975; Hooper & Husted 1979; O'Mahony et al. 1986; Khan et al. doi: 10.2166 Khan et al. doi: 10. /wh.2008 1994; Mintz et al. 1998; Daniels et al. 2000; Cramer 2002 
Statistical analysis
Descriptive and statistical analysis of the data was carried out using Microsoft Excel and Stata 8.2 statistical software (StatCorp, College Station, TX). The relationship between different potable water indicator organisms (presence/ absence) was assessed using simple logistic regression, tests for trend and Fisher's exact tests. The correlation between ACC counts at 228C and 378C was determined using log-normalized simple linear regression.
The effect of ship, water storage, loading and use parameters on the presence of coliforms, E. coli and/or enterococci in potable water samples was assessed using logistic regression. Variables were considered statistically significant at p , 0.05. Factors significant at p , 0.1 in the univariate analyses were included in a stepwise multiple logistic regression model. Tests for confounding of variables were performed using chi-squared tests and stratified logistic regression. As multiple samples were taken from ships, all logistic regression models were performed with random effects to control for clustering by individual ships.
RESULTS
Nine-hundred and fifty potable water samples were collected from 342 ships at 43 ports across the UK and The Channel Islands. Over half (57%; 571) of the samples were taken from cargo vessels, 162 (16%) from cruise ships and 83 (8%) from passenger ferries. Other vessels surveyed included container ships, naval ships, tug boats, research vessels and rescue boats.
Ships were aged between less than one and 65 years (median ¼ 13 years; 95% CI 12 -14 years) with the capacity for 0 to 2500 passengers and 1 to 1000 crew members (median passengers ¼ 20; median crew ¼ 19). Eightyeight percent (301/342) of ships surveyed undertook international routes; in the majority of cases (193/348) vessels had most recently visited a port in Northern Europe, 11% (38/348) had arrived from Southern Europe and 12% Coliforms 0 in 100 ml -$ 1 in 100 ml E. coli 0 in 100 ml -$ 1 in 100 ml Enterococci 0 in 100 ml -$ 1 in100 ml ACC ,100/1 ml 100 -1000/ml $ 1000/1 ml 
Microbiological quality of potable water
The proportions of samples containing action levels of coliforms, E. coli and enterococci ($1 CFU in 100 ml) are shown in Table 2 . Approximately nine percent (79/918) tested positive for at least one of the three indicator organisms and 2.8% (26/918) contained one or more faecal indicators (E. coli and/or enterococci). Coliform, E. coli and enterococci counts ranged from 0 to 300, 0 to 18 and 0 to 3000 CFU in 100 ml, respectively (median count ¼ 0 for all indicators). in at least one sample (see Table 3 ).
The proportion of samples containing action levels of ACC bacteria ($ 1000 CFU/ml) was slightly higher at 378C than at 228C (Table 4) . Bacteria recovered in colony counts at 228C generally represent those bacteria naturally present in water and are not of sanitary significance, and thus, have limited public health significance, whereas colony counts at 378C are thought to indicate a deterioration in quality (EA 2002) . ACC levels ranged from 0 to 300,000 CFU/ml at 378C (median ¼ 55 CFU/ml) and 0 to 110,000 CFU/ml at 228C (median ¼ 38 CFU/ml). ACC levels at the two temperatures were correlated (correlation coefficient ¼ 0.627; p , 0.0001). Action levels of ACC bacteria were most commonly detected in samples taken from potable water storage tanks: a quarter (25.3%) of samples contained at least 1000 CFU/ml (at 378C). Twentyone percent of drinking water dispenser samples also contained action levels, compared with 13.8% of those taken from galley taps and cabins (or the furthest point in the distribution system).
Correlation between indicator organisms
Of 203 samples containing action levels of ACC, 25 (12.3%) contained coliforms, three (1.5%) contained E. coli, and eight (3.9%) contained enterococci. Thirty-three (16.3%) potable Table 5 ). The number, insulation, This odds ratio represents the average increase in risk with each log-unit increase in age (age was log-normalised to meet the assumptions of the regression model). ‡
The hose hygiene score relates to how many of the 4 potable water loading practices were in place (ships owning hoses, storing hoses in dedicated lockers, disinfecting hoses and of couplings before use).
osmosis, ultraviolet irradiation, chlorination or filtrationwas identified as being significantly more protective than the others. Using more than one method did not confer additional benefit to processing with a single technique
There is some evidence to suggest that performing regular water quality checks is protective against generating action level samples (OR regularchecks ¼ 0.29, p ¼ 0.064; Table 5 ).
Multi-variable analysis: presence of coliforms,
E. coli or enterococci
Prior to multivariable analysis, tests for confounding revealed that four variables relating to potable water loading equipment -ships owning hoses, storage of hoses in dedicated lockers, disinfection of hoses and of couplings before usewere correlated with one another. However, none emerged as a clear confounder. These variables were therefore combined into a "hose hygiene score" (0-4), assigned according to how many of these four factors were in place.
Testing for confounders also showed that the association between sampling site (cabin, drinking water dispenser, galley tap or storage tank) and the presence of indicator organisms in potable water samples could be fully explained by free chlorine concentration (, or $ 0.2 mg/L); sample site was therefore excluded from the multivariable model.
On multivariable analysis, the following variables remained associated with presence of coliforms, E. coli and/or enterococci in potable water on board ship: age of ship, processing potable water onboard, hose hygiene and free chlorine residual (Table 5 ). The risk of generating action level samples increased with age (OR log-age ¼ 1.99, p ¼ 0.029) but was reduced in vessels processing potable water onboard (OR ¼ 0.16, p ¼ 0.025). Ships reporting all four hose hygiene practices -ownership of hoses, storage of hoses in dedicated lockers, disinfection of hoses and couplings before use -were at less risk of their potable supplies containing coliforms, E. coli and/or enterococci (OR ¼ 0.03, p ¼ 0.002) (performing at least one of these practices was protective to a lesser extent; Table 5 ). There is also some evidence that a free chlorine concentration at or above 0.2 mg/L also remained protective (OR ¼ 0.19,
DISCUSSION
Potable water supplies onboard vessels docking in the UK are inspected and tested by port health authorities (PHA) or local authorities, based on specified microbiological criteria.
According to current guidelines, if a supply contains coliforms, E. coli or enterococci in a 100 ml sample, or unacceptable levels of ACC bacteria ($ 1000/ml), remedial action should be taken to restore adequate water quality (HPA 2003) . In this study, 8.6% of potable water samples contained coliforms, E. coli or enterococci. This is compar- an increase in passenger numbers (Rooney et al. 2004 ).
CONCLUSIONS
The Water Safety Plan approach enables vessels to identify potential contamination points in ships' water supplies, during loading, storage and distribution, and to apply appropriate control measures, whilst continuing to monitor water quality with public health-based indicators (i.e.
coliforms, E. coli and enterococci). With appropriate training of crew and port health officers, this strategy would provide an effective means of protecting ships' potable water supplies.
This study has highlighted practices which may facilitate the provision of safe potable water supplies on ships and based on these, the following conclusions and recommendations are made:
(1) The Water Safety Plan approach should be adopted by vessels to assess, maintain and manage the safety of These recommendations will be used to inform a revision of the current Guidelines for Water Quality on Board Merchant Ships Including Passenger Vessels, to
